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Abstract
For the mutualistic interaction between the aphid Metopeurum fuscoviride Stroyan (Homoptera: Aphididae) and the
ant Lasius niger L. (Hymenoptera: Formicidae) it has been shown that ant-tended aphids develop faster, reproduce
at a higher rate, and live longer than aphids not tended by ants. We used electrical penetration graphs (EPG) to
investigate if behavioural patterns differ between ant-tended and untended M. fuscoviride during 8 h experiments.
Measurements were made on adult aphids from four different ant-tended colonies that continued to be tended by
L. niger during the experiments, and from four different colonies where ant workers were excluded several days
before the start of the experiment and that were also not tended by ants during the experiments. Ants readily tended
wired aphids and ant tending did not interfere with the EPG measurements. There were no significant differences
in the duration of sieve element penetration or in any other analysed feeding-related EPG parameters between ant-
tended and untended individuals. However, the quality of the EPG recordings did not allow the distinction between
the EPG-waveform E1 (salivation only) and E2 (salivation and ingestion). These results suggest that the changes in
life-history traits of ant-tended aphids do not result from changes in time of sieve element penetration waveforms.
Alternative mechanisms may involve an increase in the rate of sap uptake or a higher effectiveness in nutrient
uptake in the presence of ants. Our study demonstrates that the EPG technique is a useful tool to investigate the
feeding behaviour of aphids during interactions with ants.
Introduction
Among aphids (Homoptera: Aphididae), many species
display mutualistic interactions with ants (Herzig,
1937; Nixon, 1951; Buckley, 1987). For ants, the main
benefit is the provision of carbohydrates by the aphids
(Buckley, 1987). One of the main benefits for aphids
is protection against natural enemies (Buckley, 1987).
However, aphids may also benefit from ant tending
when natural enemies are absent. A number of stud-
ies have shown that survival and fecundity of aphids
are positively affected by ant tending (Banks, 1958;
Buckley, 1987). For example, in experiments with
the ant-tended aphid Metopeurum fuscoviride Stroyan,
single ant-tended individuals developed faster, had
a higher rate of reproduction and lived longer than
individuals not tended by ants (Flatt & Weisser, 2000).
While the positive effects of ant tending on aphid
performance have been shown repeatedly, the mech-
anisms underlying these effects are still unclear. For
example, Herzig (1937) showed that ant-tended aphids
have an increased honeydew production, by counting
the number of excreted honeydew droplets of ant-
tended and untended aphids and calculating the total
volume of honeydew produced per day. This increased
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honeydew production has been hypothesised to result
in a faster rate of nutrient assimilation (Herzig, 1937;
Banks & Nixon, 1958; Buckley, 1987). However,
the increased honeydew production in tended aphids
could be due to a prolonged time spent in the sieve
elements, to an increase of sap uptake per time unit
spent in the sieve elements, or a combination of both.
To distinguish between these different mechanisms,
the behaviour of ant-tended and untended individ-
uals must be analysed. A number of studies have
shown that aphid behaviour can reveal some insight
into the mechanisms underlying changes in aphid per-
formance. For example, Chongrattanameteekul et al.
(1991a, b) investigated the effects of aphid density on
behaviour and performance in Rhopalosiphum padi L.
Aphids at low density displayed a reduced time of non-
probing and an increased time of probing plus food
ingestion as compared with individuals at higher den-
sity. Longevity and the number of offspring produced
were increased in the low density treatment, suggest-
ing that the change in behaviour was the cause of the
difference in performance. Consistent with this hy-
pothesis, the same study on another aphid (Sitobion
avenae F.) found that density had no effect on feeding
behaviour and also no differences in aphid longevity
and fecundity could be detected.
A well-established experimental approach to
analyse the behaviour of aphids is the use of electrical
penetration graphs (EPG; McLean & Kinsey, 1964;
Tjallingii, 1986, 1990). The EPG technique has been
successfully employed to compare aphid behaviour on
resistant and susceptible plants (Spiller, 1988; Cail-
laud et al., 1995), to study aphid behaviour in relation
with virus transmission (Prado, 1997), or to investi-
gate the process of host plant acceptance (Tjallingii &
Mayoral, 1992). In this study we use EPG to investi-
gate whether ant tending influences the behaviour of
the aphid M. fuscoviride in a way that could explain
the increase in aphid performance in the presence of
ant workers. We hypothesised that ant-tended indi-
viduals spend more time in the sieve elements than
untended aphids.
Materials and methods
Organisms. Metopeurum fuscoviride is a monopha-
gous, holocyclic aphid species that lives on common
tansy Tanacetum vulgare L. (Asteraceae). Metopeu-
rum fuscoviride is regularly tended by the ant Lasius
niger L. Two ant colonies were collected at a field site
near Basel, Switzerland in June 1999, and kept in plas-
tic boxes (45×34×30 cm) coated with fluon (Northern
Products Inc., Woonsocket, Rhode Island, USA) and
talcum powder to prevent escape. All boxes were filled
with natural substrate. The ant colonies had access to
M. fuscoviride aphids through plastic tubing ( 1 cm).
Ants were regularly fed with freshly-killed fruit flies
(Drosophila melanogaster Meigen) and pea aphids
(Acyrthosiphon pisum Harris), and sprayed with tap
water to avoid desiccation.
In 1996, aphids and tansy plants were collected
at the same field site near Basel, and an aphid pop-
ulation was established on potted plants in the gar-
den of the Zoology Institute Basel. Each autumn,
aphids produced sexual individuals and populations
overwintered as diapausing eggs. For the experiment,
parthenogenetic lines stemming from sexual reproduc-
tion were randomly selected from the population in
spring 1999 and used to establish aphid colonies. To
obtain experimental plants, ramets of the host plant
T. vulgare were planted singly in plastic pots (
10 cm, height 7.4 cm) filled with commercial grow-
ing medium (TKS2, Floragard VertriebsGmbH, D-
26129 Oldenburg, Germany) in spring 1999. The
experimental plants were 20–40 cm high when used
in the experiments.
All material was transported to the Institut Na-
tional de la Recherche Agronomique (INRA) in
Rennes, France, where the experiments took place in
July 1999. All plants and animals were kept in cli-
matised rooms at 20 ± 1 ◦C and a photoperiod of
L16:D8.
Experimental setup. Two experimental treatments
were established. In the ant-tended treatment, indi-
viduals were taken from aphid colonies that were
ant-tended for several generations. In the untended
experiment, aphid colonies were separated from ant
colonies at least six and maximally 18 days before
the measurements were made. Only adult individu-
als were used to prevent problems due to moulting
of larvae during EPG-recording. In total, individuals
from eight different aphid colonies on eight differ-
ent tansy plants were used in the experiment (four
colonies in the ant-tended and four colonies in the
untended treatment).
An experimental aphid was chosen randomly from
the colony half an hour before the start of the experi-
ment. For manipulation, the aphid was placed on the
opening of a plastic tube connected to a vacuum pump.
A 25 µm gold wire was then attached to the dorsum of
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the aphid using conductive silver paint. After the wire
was securely fixed, the individual was placed singly
on an experimental plant and connected to EPG mea-
surement instrument (Tjallingii, 1990, see below for
details on EPG).
Behaviour of four aphids on four experimental
plants were analysed simultaneously, two aphids from
different ant-tended aphid colonies and two aphids
from different untended aphid colonies. Aphids from
ant-tended colonies were also exposed to ant atten-
dance during EPG recording, whereas those from
untended colonies continued to be deprived of ants
during the experiments. The two plants for the ant-
tended treatment were placed in a box (45 × 34 ×
10.5 cm) coated with fluon and talcum powder and
connected with a plastic tube to the ant colony. To
reduce the time period until ants discovered the sin-
gle aphid on the experimental plant, an aphid colony
was placed in the box during the night preceding an
experiment and removed in the morning. When the
two experimental plants were placed in the box in the
morning, ant workers almost immediately searched
these plants and started tending the aphids. The two
plants for the untended treatment were also placed in a
box (45× 34× 10.5 cm) coated with fluon and talcum
powder. The two boxes were put in a Faraday cage
where the EPG recordings were made. The relative
positions of the plants for the untended and ant-tended
treatment were changed daily. All experimental plants
were used only once.
Experiments started at 10 a.m. and lasted for 8 h.
Aphids that fell off the plant were immediately put
back with a fine brush. Therefore, the interruption of
feeding, caused by falling off the plant of an aphid,
should not be substantially different from the inter-
ruption of feeding of an aphid walking. Only data of
individuals showing stylet penetration into the plant
were used for analysis. In total, measurements were
made on four aphid colonies× three individuals= 12
replicates in the ant-tended treatment with the first ant
colony. The same four aphid colonies were used for
measurements with the second ant colony, which gave
in total 24 replicates in the ant-tended treatment. In the
untended treatment we measured four aphid colonies
× four individuals= 16 replicates. Temperatures dur-
ing the whole experimental period (10 days) ranged
between 24 ◦C and 29 ◦C. Mean temperature change
during the 8 h recording sessions was 1.6 ◦C± 0.22 ◦C
(N = 10 days).
Electronic recording. The output of each of the
four electrical penetration graph (EPG) amplifiers
(109 Ohm impedance DC amplifier) was connected to
an analogue-to-digital converter (Metrabyte Dash/8).
Digitalized data were analysed with the software
‘MacStylet’ (Febvay et al., 1996).
Statistical analysis. Averages are presented as
means ± s.e. throughout the text. Data were tested for
significance (P< 0.05) using SAS version 6.12 (SAS
Institute, 1989). Before we tested for differences be-
tween the ant-tended and untended treatment using
t-tests, we tested whether there were differences be-
tween the different ant colonies and aphid colonies
used in the experiment, separately for the tended and
untended treatment. Where necessary, data were log-
transformed to homogenise variances and/or restore
normality.
Results
Behaviour of ants and EPG-measurements. Aphids
were tended almost immediately after the start of the
experiment. Tending levels in the experiment were
high: at any time, at least one ant worker was present
near the aphid, and frequently several workers were
tending the wired individual. Wiring of aphids caused
no obvious change in ant behaviour and no work-
ers were observed attacking or biting into the wire.
When ants were touching the wire, the signal showed
strong oscillations for one or two seconds, but the
different waveforms were still recognisable. Because
the beginning and the end of the waveforms were
marked manually on the output, these disturbances in
the signals had no influence on the analysis.
Variables analysed. Table 1 lists the variables
analysed in this study. These variables correspond to
waveforms commonly recognised in studies of aphid
behaviour (e.g., Tjallingii, 1990; Febvay et al., 1996).
Total time of penetration in the sieve elements was of
central interest for our study and its waveform Etotal
was well recognisable. We were not able to distinguish
between the E1 waveform at the intracellular voltage
level (sieve element penetration followed by saliva-
tion) and the E2 waveform (sieve element ingestion
and concurrent salivation). This was probably due to a
high level of noise within the E waveform. Etotal can
be assumed to be associated with the E2 waveform,
provided thatEtotal is on intracellular voltage level and
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Table 1. Behavioural parameters quantified from EPG-recordings over 8 h periods. See text for
explanations
Variable Definition
NP Total time spent without any penetration (non-penetration time)
Etotal Total time of penetration in the sieve elements (E1+E2)
E>8min Total time of sieve element penetrations longer than 8 min (with subtraction of
the first 8 min of each penetration)
Emean Average time in sieve element per sieve element penetration longer than 8 min
1st E>8min Time to first sieve element penetration longer than 8 min
nE Number of sieve element penetrations longer than 8 min
Elong Duration of the longest single interval of continuous sieve element penetration
longer than 8 min during the experiment
Elast Duration of the last interval of continuous sieve element penetration longer than
8 min before the end of the experiment
Prest Total time of pathway and xylem phases and short potential drops
is sustained for more than 8 min (Tjallingii, 1990). We
calculated E>8min as the total time of sieve element
penetrations that lasted longer than 8 min, by subtract-
ing the first 8 min of each sieve element penetration.
All waveforms of pathway and xylem phases (i.e., A,
B, C, E1 at extracellular voltage level, F, and G) and
stylet tip punctures of cell membranes (short potential
drops, pd; cf., Tjallingii, 1990) were totalled as the
variable Prest (Table 1).
Effects of ant and aphid colonies. Among the ant-
tended replicates, ant colony identity did not affect
any of the variables measured (t-tests; P> 0.05). We
therefore pooled the data from both ant colonies to-
gether. Similarly, there were no significant differences
between the four aphid colonies in any of the variables
measured, when the ant-tended treatment and the un-
tended treatment were analysed separately (ANOVA;
P> 0.05). We therefore pooled the data from the
four aphid colonies together, both in the ant-tended
treatment and in the untended treatment.
Effects of ant-attendance on aphid behaviour. When
analysed over the entire 8 h measurement period, be-
haviour did not differ between the ant-tended and
untended aphids in any of the variables analysed (t-
tests; P> 0.05; Figure 1). During 8 h, ant-tended
aphids penetrated the sieve elements 1.33 ± 0.34
times, untended aphids 1.69 ± 0.33 times. Ant-
tended individuals penetrated sieve elements for 16%
of their time while untended aphids spent 20% in the
sieve-elements, but the difference was not significant
(Figure 1).
To test whether the aphids needed some time to
settle down on the tansy plants, behaviour in the first
4 h of measurement was compared to the behaviour in
the second 4 h period, separately for each treatment.
First, we again tested for significant ant colony and
aphid colony effects, separately for each treatment and
period. Of all tested variables, only NP in the first
4 h period was affected by the variable ant colony
(t = 3.64, d.f.= 22, P= 0.002) and was therefore
not used for further analyses. Aphid behavioural para-
meters did not differ between different aphid colonies,
except for Emean in the first four hours in the untended
treatment (F3,3 = 9.44, P= 0.049). This variable was
therefore also not used for further analyses. All the
other variables did not show a significant effect of the
ant and aphid colonies and data from the different ant
and aphid colonies were therefore pooled together.
Between the first and the second 4 h period, there
were differences in only two of the variables analysed.
In the ant-tended treatment, Etotal and E>8min were
significantly lower in the first period than in the sec-
ond period (Etotal: t = 3.01, d.f.= 22, P= 0.006;
E>8min: t = 2.64, d.f.= 22, P= 0.015). No sig-
nificant differences were found in Emean and Prest
(t-tests; P> 0.05). In the untended treatment, behav-
ioural waveforms in the first 4 h period did not differ
from the behavioural waveforms in the second four
hour period in any of the variables analysed (t-tests;
P> 0.05; Figure 2).
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Figure 1. Durations of aphid behavioural parameters in the experiment (means and standard errors).
Differences between ant-tended and untended in-
dividuals were then analysed separately for the first
and second 4 h periods. There were no significant
differences in behaviour between ant-tended and un-
tended aphids in either of the 4 h periods for any of
the measured variables (t-tests; P> 0.05; Figure 2).
A regression analysis indicated that the number
of days without ant-attendance before the start of the
experiment had no significant effect on any variable
measured (linear regressions; P> 0.05).
Discussion
EPG-recording does not affect aphid-ant interactions.
In this study, the electrical penetration graph (EPG)
technique was employed for the first time to analyse
the effects of ant tending on aphid behaviour. In the
ant treatment, the wire could potentially have affected
ant worker behaviour or interfered with the EPG sig-
nals. However, ants appeared to be unaffected by the
presence of the wire. Workers readily tended aphids at
high levels comparable to previous studies with sin-
gle M. fuscoviride (Flatt & Weisser, 2000) and no
attacks on the wire were observed. When the ants
touched the wire, EPG signals were still recognis-
able. Because we used two ant colonies, aphids from
several different colonies, and a new plant for each
replicate, the successful use of EPG was not due to
choosing a particular aphid-ant-plant combination. We
therefore conclude that the EPG technique is appro-
priate for measuring aphid behaviour during ant-aphid
interactions.
Role of the experimental approach in explaining the
lack of effects of ant-tending on aphid behaviour.
The main result of our study is that EPG analysis
did not reveal any differences between the behaviour
of tended and untended aphids. In particular, ant-
tended aphids did not spend more time penetrating
sieve elements which may have reflected higher levels
of nutrient intake. Even though the time spent in sieve
elements is not directly linked with the actual amount
of sap ingested, there is ample evidence for a strong
relationship between the duration of behavioural pa-
rameters as measured by EPG and sap ingestion. For
example, Lei et al. (1997) found a highly positive
correlation between times of stylet penetration of the
sieve elements and times of honeydew excretion by
whiteflies. Spiller (1988) found that in resistant plants,
the decrease in aphid honeydew production is asso-
ciated with a decrease in the time spent ingesting
from the sieve elements. Thus, our hypothesis that
ant-tended individuals spent more time feeding in the
sieve elements than untended aphids, which would
have offered an explanation for the higher fitness of
ant-tended individuals (Flatt & Weisser, 2000), has to
be rejected. Before discussing how ant tending could
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Figure 2. Durations of aphid behavioural parameters in the first and second half of the experiment (means and standard errors). Significant
differences between the two time periods in the ant-tended treatment are marked with asterisks (∗for P< 0.05, ∗∗for P< 0.01). The variables
NP and Emean showed significant ant colony or aphid colony effects and were therefore not used for these analyses.
influence aphid behaviour in a way not detectable by
EPG analysis, we comment on how the way the be-
haviour was analysed in our experiment could have
affected the results.
In the analysis of the EPG waveforms, we were
not able to distinguish between E1 (at the intracellular
voltage level) and E2 within the Etotal waveform. This
was probably due to the high level of noise within
the E waveform. If ant tending selectively decreases
E1 and increases E2 without changing the total time
of sieve element penetration (E1+E2), this change in
the ingestion time period would not be detected by
analysing only the total time of sieve element pen-
etration (Etotal). However, the waveform of central
interest in our study was total time of sieve element
penetration. Thus, the distinction between E1 and E2
waveforms was not crucial for answering our main
question. In addition, an E waveform that lasts longer
than 8 min (E>8min) is generally regarded to represent
sieve element acceptance and ingestion (Tjallingii,
1990). Because there were no significant differences
in the E>8min parameter between ant-tended and un-
tended individuals, any undetected changes in the
proportions of E1 and E2 are restricted to the first
8 min of each penetration and are therefore unlikely
to be a confounding factor.
Metopeurum fuscoviride can frequently be ob-
served walking or dropping off the plant in its natural
habitat (W. Völkl, W. W. Weisser, unpubl.). Walk-
ing or dropping off the plant is therefore not induced
solely by the experimental set-up. In the experiments,
dropping mainly occurred when aphids, after having
walked for some distance, were held back by the wire.
The time off the plant was minimized by putting fallen
aphids immediately back on the plant. The interruption
of feeding, caused by falling off the plant of an aphid,
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should therefore not be substantially different from the
interruption of feeding due to walking.
In Flatt & Weisser’s (2000) experiment, individu-
als of M. fuscoviride were followed throughout their
life-time and significant benefits of ant-attendance for
aphid survival and fecundity were detected. In con-
trast, the measurement period of 8 h used in the present
study represents only a small part of the life of an
aphid. It is possible that longer periods of continu-
ous observation are necessary to detect changes in
aphid behaviour. Additionally, observational studies
suggest that untended M. fuscoviride individuals have
difficulties excreting honeydew (W. Völkl, unpubl.)
which may be a proximal cause for their poor perfor-
mance. Because the EPG-technique requires handling
of individuals, it is possible that the physical con-
tacts involved may have triggered honeydew release
in these aphids, for example by the paint-brush used
to put the fallen aphids back to the plants, even though
in this study this was not noticed by the experimenter.
Untended aphids that successfully excreted some hon-
eydew may for a few hours be able to show a behaviour
similar to tended aphids before the lack of ant workers
becomes noticeable. Future studies should therefore
aim at using longer time intervals to cover a larger part
of the aphid life. Studies using immature instars may
additionally provide further insight into the effects of
ant tending on aphid feeding early in life. There are
two reasons, however, that suggest that longer mea-
surement periods may not yield different results. First,
differences in behavioural parameters between ant-
tended and untended individuals tended to be smaller
rather than larger in the second four hour period than
in the first 4-h period (Figure 2). Second, there was no
clear indication that aphids needed time to get used to
the EPG system (Figure 2).
In the present study, aphids were kept singly on
plants whereas in the field M. fuscoviride is often
found in large colonies. Individual aphids or small
colonies however, are frequently observed in the field,
for example when a single foundress colonises a plant
(Flatt & Weisser, 2000; W. W. Weisser, unpubl.).
In Flatt & Weisser’s (2000) study, aphids were also
reared singly on plants and a strong positive effect
of ant tending was observed. Thus, low aphid den-
sity is unlikely to have been a confounding factor, in
particular as ant tending levels were high.
In our experiments, temperature in the laboratory
ranged from 24 ◦C to 29 ◦C which was rather high
and might be suspected to have caused aphids to spend
less time penetrating sieve elements. However, M. fus-
coviride feeds on the upper part of the tansy shoot in
sun-exposed habitats so that temperatures of 25 ◦C–
30 ◦C are not uncommon for this species in its natural
habitats. Ant behaviour was not negatively affected by
this temperature range as tending levels were similar to
those observed in the experiments of Flatt & Weisser
(2000).
Finally, individuals of M. fuscoviride spent 16%
and 20% of the 8 h period in the E waveform in the
tended and untended treatment, respectively. Com-
pared to some other studies, this appears to be a rather
low percentage. For example, in 6 h recordings, the
percentage of total time spent in E waveform was
around 50% in A. pisum and for 8 h recordings about
77% (on suitable plants) and 38% (on resistant plants)
in S. avenae (Tjallingii, 1986; Caillaud et al., 1995).
However, short periods of sieve element penetrations
were, for example, also found in six hour record-
ings of Brevicoryne brassicae L., where individuals
spent only about 25% of their time penetrating sieve
elements (Tjallingii, 1986). Thus, the time spent in
the sieve elements clearly depends on the biological
system that is under study and the low percentage of
total time in E waveform found in our study does not
necessarily represent a problem of the experimental
conditions.
Alternative mechanisms. There are at least two alter-
native behavioural mechanisms that could explain the
increased fitness of ant-tended individuals and would
be consistent with the results of our measurements.
One possible mechanism is that ant tending increases
the rate of sap uptake in aphids. Aphids would then
benefit from ant-tending without any change in the
time spent in the sieve elements. This mechanism
would also result in an increased honeydew production
as reported by several studies (Herzig, 1937; Banks
& Nixon, 1958; Buckley, 1987). A second possible
mechanism is that ant-tending may increase the effi-
ciency of nutrient uptake. In this case, increased fitness
would not be associated with increased honeydew ex-
cretion, but the composition of the honeydew would
be changed.
To test the first mechanism, it is necessary to
measure honeydew production. Measurements of hon-
eydew production of ant-tended aphids require a con-
tinuous observation of a single aphid to count the
droplets of honeydew that are removed by the ants and
a measurement of the volume of the honeydew droplet,
as described by Herzig (1937). However, it may also
be possible to quantify the amount of phloem sap in-
20
gested through a careful analysis of the E waveform.
A correlation may be found between the periodicity
of the sinusoidal E wave and the amount of honey-
dew production, in absence of ants (Y. Rahbé, pers.
commun.). If this correlation exists, it is then nec-
essary to analyse the effect of ants on the E wave
periodicity. If the ants increase the periodicity of the
E wave, it is possible to conclude that the ants do
increase the honeydew production and therefore in-
crease the sap uptake. Also indirect measures such as
radioactive labelling may provide some estimates of
ingestion rates (Banks & Nixon, 1958). To test the
second mechanism, a comparison of the composition
of the honeydew of tended and untended aphids would
be necessary, as described by Völkl et al. (1999). A
combination of EPG analysis with quantitative mea-
surements of sap ingestion or honeydew composition
analysis is likely to reveal further insights in the mech-
anisms underlying the interaction between ants and
aphids.
To summarise, we suggest that the EPG tech-
nique is appropriate for the measurements of aphid
behaviour in aphid-ant interactions. There were no sig-
nificant differences in the duration of sieve element
penetration or in any other analysed feeding-related
EPG parameters between ant-tended and untended in-
dividuals. Before making any definitive conclusion
there is, however, a need for complementary exper-
iments that will allow the distinction between the
EPG-waveform E1 (salivation only) and E2 (salivation
and ingestion).
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